In this study, the microstructure and electrochemical properties of PVD TiN and (Ti, Al) N coatings on Ti 40 Zr 10 Cu 36 Pd 14 bulk metallic glass were investigated. The microstructure of TiN or (Ti, Al) N coatings, the BMG substrate and the interface was investigated by highresolution transmission electron microscopy. The electrochemical behavior of PVD coatings on the Ti-based BMG was studied by measuring potentiodynamic polarization curves in Hanks' solution. HREM observation revealed that the sputtering TiN ((Ti, Al) N) coating consisted of cubic TiN ((Ti, Al) N) phase with a lattice parameter of 0.426 (0.422) nm in nanoscale. The polarization curves showed that the open circuit potential shifted to a more positive potential and the passive current density decreased due to the protective TiN or (Ti, Al) N coating.
Introduction
A PVD coating method is a useful technique to improve the surface properties of metallic materials such as wear resistance, anti-corrosion properties and oxidation resistance. [1] [2] [3] [4] Furthermore, the attractive and variable colours caused by PVD coatings broaden the application field to decorative applications. Some coatings exhibit good biocompatibility for the surface treatment of artificial joints, 5) which have a potential application as biomaterials. Therefore, the PVD method has been widely applied in steels 1) and magnesium alloys.
2) For example, PVD TiN coating, which is helpful to extend the service life of tools, is one of the most commonly used coatings in industrial applications. It exhibits good wear resistance due to its high hardness. 6, 7) Additionally, PVD TiN coating has already been used in investigating medical materials. Liu et al. 4) reported that TiN coating on Ti-6Al-4V alloy as artificial hip joints is effective to enhance wear resistance and corrosion performance. However, TiN coating does not provide sufficient protection in some special cases because of the porosity. To further improve the properties of TiN coating, Al was introduced, enhancing the hardness and the oxidation resistance of TiN coating. Nevertheless, the incorporation of Al also led to a higher friction coefficient and a lower toughness in the coating system. 8, 9) Carbon is also expected to improve wear resistance and erosion resistance. 10, 11) On the other hand, bulk metallic glasses (BMGs) have attracted much attention as new materials due to their unique characteristics (high mechanical strength, low Young's modulus, large elastic elongation, high fracture toughness, good corrosion resistance etc.), which cannot be obtained for conventional crystalline materials. [12] [13] [14] So far little has been published about PVD-coated BMGs. 15, 16) The authors have found 15, 16) that PVD Ti coating can significantly enhance the corrosion resistance and bioactivity of Zr-based BMG. To utilize both the advantages of BMGs in mechanical properties (high strength, low Young's modulus and large elastic elongation) and the advantages of PVD coatings (wear resistance, chemical inertness and high thermal stability), the PVD coating technique is employed in this study. The purpose of this research is to improve the corrosion resistance of BMGs, by means of magnetron sputtering TiN and (Ti, Al) N coatings. The microstructure and electrochemical properties in Hanks' solution of TiN and (Ti, Al) N-coated BMGs as well as the monolithic BMG have been investigated.
Experimental Procedure
A master ingot of Ti 40 Zr 10 Cu 36 Pd 14 alloy (at%) was prepared by arc melting the mixture of pure metals (> 99:9 mass%) in an argon atmosphere. The BMG rod samples with a diameter of 5 mm were prepared by injection casting into copper mold. The BMG samples were then sliced into 2-mm-thick tablet as a substrate. Before the deposition process, Ti 40 Zr 10 Cu 36 Pd 14 BMG substrates were finely polished with SiC paper and Al 2 O 3 paste, ultrasonically washed in distilled water and acetone, and then dried in air. C using a radiant heater. The structure of TiN and (Ti, Al) N coatings on Ti 40 Zr 10 Cu 36 Pd 14 BMG was examined by micro-area X-ray diffraction with Co K radiation (XRD, Bruker, D8 Discover GADDS). The microstructure of TiN and (Ti, Al) N coatings, the substrate and interface was investigated by conventional and high-resolution transmission electron microscopy (TEM and HRTEM). The TEM samples were prepared by using a focused ion beam (FIB) system (JEM-9310, JEOL). Electrochemical measurement was conducted in a threeelectrode cell using a platinum plate as counter electrode and a saturated calomel reference electrode (SCE) as reference electrode. Potentiodynamic polarization curves were measured with a potential sweep rate of 0:83 Â 10 À3 V/s after immersing the samples for 600 s when the sample reached the steady state. corresponding to {200} is also seen. TiN phase has a cubic structure with a lattice parameter of 0.426 nm deduced by the diffraction peaks. The corresponding lattice parameter of (Ti, Al) N is about 0.422 nm.
Results and Discussion
To further understand the detailed structure of the coating phase, the microstructure of TiN and (Ti, Al) N coatings was examined by TEM and HREM. Figure 2 shows the bright field TEM image taken from the interfacial region between TiN coating and Ti 40 Zr 10 Cu 36 Pd 14 BMG substrate. The TiN coating consists of one grey intermedium layer and one column-like layer with a totally thickness of about 600 nm. The reason why the intermedium layer exists is not so clear. It is proposed that the nucleation and growth rate of TiN is rather low when the thickness of TiN coating is smaller than 200 nm. Thus an interlayer with fine grain size is formed. With further depositing, the column-like TiN phase is formed with a good interface bonding state at the interface between TiN coating and Ti 40 Zr 10 Cu 36 Pd 14 . Figures 3(a)-(d) show HREM micrographs and the corresponding selected-area diffraction (SAD) patterns taken from Ti 40 Zr 10 Cu 36 Pd 14 BMG substrate, the interface and TiN coating, respectively. The TiN intermedium coating consists of nano-scale TiN particles, as shown in Fig. 3(a) . Only a halo pattern is seen in the electron diffraction pattern from Ti 40 Zr 10 Cu 36 Pd 14 BMG substrate (Fig. 3(b) Fig. 3(d) . The nano-particles are identified as a cubic TiN structure from the SAD pattern. Good bonding between TiN coating and BMG substrate is confirmed in Fig. 3(a) . Figure 4 presents the microstructure and corresponding SAD patterns of (Ti, Al) N-coated BMG. A layer structure consisting of two interlayers similar as the TiN coating can be observed in the (Ti, Al) N coating as shown in Fig. 4(a) . The out layer in light grey color is carbon layer which is introduced for protection when the TEM sample was prepared by FIB method. Under high resolution TEM (Fig. 4(b) ), a nanostructure (Ti, Al) N was also observed with the SAD pattern consisted with several diffraction rings, as shown in Fig. 4(e) . The corresponding substrate also maintains glassy phase from Fig. 4(c) 18) However, pitting corrosion still occurred presumably because of the defects existing in TiN or TiAl coatings. It is well known that PVD coatings with N and/or C can significantly enhance the lifetime of metallic materials on the basis of high wear resistance, high thermal stability and better corrosion resistance in different environments and in biological surroundings. However, the corrosion characteristics of PVD coatings are mainly controlled by the amount of porosity, which is related to the surface pretreatment and the deposition conditions. The corrosion of PVD coatings preferentially takes place through pin-holes, voids or other defects, which provide an easy fracture path causing an adhesion failure to transport the electrolyte to the substrates. 19, 20) In another words, the corrosion resistance of coated materials is not only limited by the intrinsic corrosion resistance of the deposit, but also by the porosity of the coatings. Porosity can be measured by using an electrochemical method, introduced by Elsener, 21) and improved by Tato et al., 22) and Bazzaoui 23) et al. The porosity in coating layer is expressed by the following relation of the ratio of polarization resistance between the uncoated and coated substrates.
Where P is the coating porosity, R ps is the polarization resistance of the substrate, R p is the polarization resistance of the coated BMG system, ÁE corr is the shift of corrosion potentials of the coated BMG and BMG substrate, and b a is the anodic Tafel slope of the BMG substrate. Based on the above equation, the porosities of the TiN-and (Ti, Al) Ncoated Ti 40 Zr 10 Cu 36 Pd 14 BMGs are 6.4% and 2.7%, respectively. Lower porosity is the reason that (Ti, Al) N coated BMG exhibits a little higher corrosion resistance. In the future research, the corrosion resistance may be further improved by decreasing the porosity because the thickness of the TiN or (Ti, Al) N coating layer is only several hundreds nanometers, which is much thinner than the coatings previously reported. 24, 25) In addition, the increase of the substrate temperature and bias voltage can lead to higher corrosion resistance by decreasing the probability of pinholes or pores.
26) The better results are also expected for the multilayer coatings on BMGs, due to the continuously new nucleation and growth reaction in every layer leading to a dense and fine grained microstructure. 
